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de Recerca i Estudis Avançats, Catalonia, SpainHepatocellular carcinoma (HCC) is a deadly cancer, whose inci- consolidation of sophisticated animal models, such as mosaic can-
dence is increasing worldwide. Albeit the main risk factors for
HCC development have been clearly identiﬁed, such as hepatitis
B and C virus infection and alcohol abuse, there is still prelimin-
ary understanding of the key drivers of this malignancy. Recent
data suggest that genomic analysis of cirrhotic tissue – the pre-
neoplastic carcinogenic ﬁeld – may provide a read-out to identify
at risk populations for cancer development. Given this contextual
complexity, it is of utmost importance to characterize the molec-
ular pathogenesis of this disease, and pinpoint the dominant
pathways/drivers by integrative oncogenomic approaches and/
or sophisticated experimental models. Identiﬁcation of the dom-
inant proliferative signals and key aberrations will allow for a
more personalized therapy.
Pathway-based approaches and functional experimental stud-
ies have aided in identifying the activation of different signaling
cascades in HCC (e.g. epidermal growth factor, insulin-like growth
factor, RAS,MTOR,WNT-bcatenin, etc.). However, the introduction
of new high-throughput genomic technologies (e.g. microarrays,
deep sequencing, etc.), and increased sophistication of computa-
tional biology (e.g. bioinformatics, biomodeling, etc.), opens the
ﬁeld to new strategies in oncogene and tumor suppressor discov-
ery. These oncogenomic approaches are framed within emerging
newdisciplines such as systemsbiology,which integratesmultiple
inputs to explain cancer onset and progression. In addition, theJournal of Hepatology 20
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screens, have been instrumental for the identiﬁcation of novel
tumor drivers. We herein review some classical as well as some
recent fast track approaches for oncogene discovery in HCC, and
provide a comprehensive landscape of the currently known spec-
trum of molecular aberrations involved in hepatocarcinogenesis.
 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.Overview
Hepatocellular carcinoma (HCC) represents a major health prob-
lem worldwide [1]. Despite its global importance, liver cancer is
understudied compared to other major lethal cancers, and hence,
our knowledge of the genomic alterations implicated in HCC ini-
tiation and progression is still fragmentary. This is partly due to
the high complexity and heterogeneity of HCC cancer genomes,
which hamper a straightforward identiﬁcation of new cancer
genes by genomic approaches alone. There is also only a limited
arsenal of model systems available to study the development of
the disease, and to test potential intervention strategies. In this
scenario, HCC is probably one of the tumor types where a more
complete understanding of the underlying genetic alterations
could have a major impact on the development of new treatment
strategies. Because of their therapeutic relevance as potential
new targets, this review will ﬁrst summarize the current knowl-
edge of signaling pathways in HCC. Next, we will brieﬂy comment
the role of P53 due to its paradigmatic role as a tumor suppressor
in HCC, identiﬁed using a gene-based approach. Finally, we will
discuss new integrative oncogenomic approaches for an acceler-
ated cancer gene discovery in HCC.Signaling pathways in hepatocellular carcinoma
Activation of several signaling pathways, both in cirrhotic tissue
and in overt HCC, has been implicated in human hepatocarcino-
genesis [2] (Fig. 1). Their relevance resides in their capacity to
act as targets for new therapies. In fact, activation of RAS/MAPK
and VEGF signaling (i.e. angiogenesis) in HCC stimulated initial10 vol. 52 j 921–929
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evaluations of the multi-kinase inhibitor sorafenib for the treat-
ment of human HCC. As a result of recent positive investigations,
sorafenib is currently the sole systemic therapy approved for the
treatment of advanced HCC [3,4].
Proliferation signaling pathways
Epidermal growth factor (EGF) signaling is one of the most thor-
oughly evaluated signaling cascades in human HCC. Robust data
demonstrate its activation in a subset of HCC, up-regulation of
EGF being one of its mechanisms of activation [5]. Genetic evi-
dence was also provided by a recent study showing gains of chro-
mosome 7 in human HCC, where EGFR is located [6]. Some
complementary evidence points to EGF as a key driver in HCC.
A case-control study identiﬁed a signiﬁcant increase in HCC risk
associated with a speciﬁc single nucleotide polymorphism
(SNP) of the EGF gene [7]. Interestingly, the same investigation
showed that this SNP increased EGF mRNA stability in cell lines;
thus, markedly enhancing signaling through the EGF receptor
(EGFR). Additionally, EGF was ranked among the top up-regu-
lated genes included in a gene signature that was able to identify
HCC patients treated with surgical resection at high risk of devel-
oping a late recurrence (de novo HCC) [8]. Unsupervised muta-
genic screening in mice also detected EGFR as a relevant gene
during HCC development [9]. There are some consistent data
regarding a selective EGF-blockade in experimental models. Gef-
itinib, an EGFR tyrosine kinase inhibitor, was able to signiﬁcantly
decrease HCC incidence in a genotoxic model of HCC [10].
Another study showed anti-proliferative and pro-apoptoticTumor Development
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Fig. 1. Signaling pathways frequently dysregulated in hepatocellular carcinoma. Pa
implicated in HCC development and progression, including cell proliferation/survival, d
922 Journal of Hepatology 201effects following EGFR blockade in human HCC xenografts [2].
In addition, robust evidence suggests the prominent role of TGFA
as a major paracrine activator of EGF signaling in HCC [11]. TGFA
contributes to proliferation and the invasion phenotype of tumor
cells, and it has been shown to generate liver tumors upon co-
activation with other oncogenes in animal models [e.g. double-
transgenic mice: MYC/TGFA [12]. Finally, preliminary data
obtained in phase II clinical trials using an EGFR speciﬁc inhibitor
(i.e. erlotinib) in HCC [13,14], are currently being expanded into
phase III investigations.
The insulin-like growth factor (IGF) signaling system is an
essential regulator of growth and development [15]. The biolog-
ical actions of the axis comprise a complex network of molecules
whose main components are two high-afﬁnity mitogenic ligands:
IGF1 and IGF2. The type 1 IGF receptor (IGF1R) has tyrosine
kinase activity, the type 2 IGF receptor (IGF2R) is involved in
the internalization and degradation of IGF2, and at least six
high-afﬁnity IGF–binding proteins (IGFBPs) which modulate the
amount and bioactivity of locally available IGFs. Despite its role
in normal physiology, the IGF axis is involved in the pathogenesis
of several human malignancies, including breast, colon, prostate,
lung, and liver [16]. In HCC, the most frequently described aber-
rant feature concerning this pathway is over-expression of IGF2,
even found in pre-neoplastic lesions [11]. This mitogen, highly
expressed during embryonic development, is strongly down-reg-
ulated after birth due to tight epigenetic regulation of the P2-P4
fetal promoters. Reactivation of IGF2 expression involves loss of
speciﬁc imprinting and hypomethylation [17]. Allelic losses of
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mutations in the remaining allele also reported [18]. In addition,
reduced expression of IGFBP-3 associated to promoter hyperme-
thylation has been reported in human HCC samples [19]. A recent
study found aberrant activation of IGF1R in 21% of early stage
hepatitis C-related HCC, and provided preclinical evidence of
antineoplastic activity following IGF1R selective blockade using
a monoclonal antibody [20]. The potential role of the HBx viral
protein as an inducer of IGF-IR expression has been also sug-
gested [21].
Hepatocyte growth factor (HGF) is a potent mitogen for hepa-
tocytes, and the unique ligand for the MET receptor. MET activa-
tion by HGF induces disruption of intercellular links and allows
cells to migrate from their primary location to adjacent surround-
ings. The HGF/MET system is a major player of cell migration dur-
ing embryogenesis and recent data has shown that the HGF/MET
system is involved in reactivation of the ‘‘invasive program” dur-
ing tumor progression and metastasis [22]. In addition, inhibition
of MET expression using RNA-interference in cancer cell lines
harboring MET ampliﬁcations decreased cell proliferation, sur-
vival, and invasion as well as delayed tumor growth in xenograft
models [23]. MET activation in cancer may occur by several
mechanisms including ligand-receptor autocrine stimulation,
somatic and germ-line mutations, or MET ampliﬁcation, allowing
MET activation even in the absence of HGF [24].
In HCC, several investigators identiﬁed over-expression of
MET (20–48%) when compared to surrounding non-tumoral tis-
sue. For example, a study found a correlation between MET
over-expression and a higher incidence of intrahepatic metasta-
ses, as well as a reduced survival following tumor resection
[25]. By contrast, decreased HGF expression has been reported
in HCC [25], suggesting a marginal role for HGF in this malig-
nancy. A recent study took advantage of a comparative functional
genomics approach on 242 HCC samples for identifying a gene
signature correlated with HCC metastatic potential. This signa-
ture included genes associated with oxidative stress, cell motility,
cytoskeletal organization, and angiogenesis [26]. Overall, MET
has emerged as a very attractive target for anticancer therapies,
albeit there is no approved drug so far. Moreover, there is com-
pelling evidence of anti-neoplasic activity (i.e. decreased prolifer-
ation, migration and invasion) following MET down-regulation in
experimental models of HCC [27].
Upon EGFR, IGFR or MET activation, extracellular signals can
be transduced through either AKT or MAPK signaling pathways.
Molecules belonging to both signaling cascades (e.g. AKT or
KRAS) have been identiﬁed as bona ﬁde oncogenes in human can-
cer. The RAS cascade transduces extracellular signals initiated by
growth factor receptor activation that in turn activate RAF, MEK
and ERK and result in proliferative and anti-apoptotic signals
[28]. RAS mutations in HCC are found at low frequency [29].
Interestingly, recent studies show frequent over-expression of
RAS in human HCC [30,31]. In addition, down-regulation of RAS
negative regulators has been reported, such as hypermethylation
of the RAS association family 1 gene A (RASSF1A) and its homo-
logue NORE1A [30]. There is no pure anti-RAS therapy approved,
and only sorafenib has shown some effective signaling blockage,
either alone or in combination with rapamycin (RAS and MTOR
blockade in experimental models) [31].
AKT has been described as a predictor of tumor recurrence
after surgical resection in a large cohort of Japanese patients
[32], suggesting a possible implication in the invasive phenotype.
MTOR is one of the most important molecules downstream AKT.Journal of Hepatology 201Two distinct MTOR complexes have been described, one closely
implicated in protein translation, mTOR complex 1 (MTORC1),
whereas the other, mTOR complex 2 (MTORC2), is the primary
one responsible for the phosphorylation of AKT at serine 473,
conferring its full activation [33]. There are intriguing feedback-
loops in the mTOR pathway, which partly explains why the exact
implications of each MTOR complex in the molecular pathogene-
sis of cancer are not fully understood [34]. However, it seems that
MTORC2 integrity could be necessary to sustain the oncogenic
phenotype related to the loss of PTEN, at least in prostate cancer
[35]. As recently reported, MTORC1 plays a pivotal role in human
HCC [5]. Evidence from different studies has demonstrated
MTORC1 activation in a subset of HCC patients, showing prognos-
tic implications for some of them in terms of patient tumor recur-
rence after surgery [5]. Moreover, the anti-neoplasic properties of
MTOR inhibitors (e.g. rapamycin and its analogs) in experimental
models of HCC further increase the relevance of this pathway
[36]. All this compiled evidence established the proof-of-princi-
ple to conduct clinical trials evaluating mTOR inhibitors in
human HCC.Pathways involved in liver development and cell differentiation
The ultimate identity of the speciﬁc target cell for transforma-
tion in HCC is still elusive [37]. Despite recent progresses, the
involvement of altered embryonic cellular features such as
self-renewal, plasticity, asymmetric division, pluripotency and
cellular fate in human cancer remains enigmatic [38]. In accor-
dance with the cancer stem cell hypothesis, a number of stud-
ies found dysregulation of pathways involved in cellular
differentiation in HCC, such as the WNT canonical pathway.
Besides its role in liver development and differentiation
[39,40], WNT signaling has also been implicated in cell prolif-
eration and metabolism [41]. Unlike colon cancer, APC muta-
tions are infrequent in HCC, whereas CTNNB1 and AXIN1
mutations are frequently found in HCC [2]. Mutations prevent
b-catenin ubiquitination and subsequent degradation. Nuclear
accumulation of b-catenin induces transcription of several
genes related to cell differentiation and proliferation. In addi-
tion, unsupervised clustering of gene expression data from
two different studies enabled the identiﬁcation of a subclass
of patients characterized by activation of genes related to
WNT signaling [6,42]. Hence, there is enough evidence to
assume the implication of this signaling cascade in HCC,
although it is still unknown whether non-canonical activation
of this pathway may also be relevant during human hepatocar-
cinogenesis. There are currently several efforts evaluating dif-
ferent blockade strategies for the WNT pathway, stabilization
of AXIN being one of the most promising [43]. Nevertheless,
there are no clinical trials in late phases evaluating selective
blockade of any of its components.
Another pathway involved in proliferation control that is
found abnormally activated in HCC is the Hedgehog signaling
pathway (HH). This cascade is structurally very similar to WNT,
although different mechanisms account for the dysregulation of
HH. Over-expression of Sonic or Indian ligands, and/or inactiva-
tion of a tumor suppressor, the HH inhibitory protein, have been
identiﬁed as responsible for HH activation in experimental mod-
els of HCC as well as in human samples [44,45]. Several HH inhib-
itors are currently under preclinical evaluation in HCC.0 vol. 52 j 921–929 923
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Pathways involved in inﬂammation
The role of cascades involved in inﬂammation has been described
in early stages of the disease. Inﬂammation is a hallmark of liver
cirrhosis, and hence, several inﬂammation-related pathways have
been evaluated as potential targets for HCC chemoprevention. In a
recent large clinical study (n = 1005), anti-viral therapies with
interferon failed to show efﬁcacy in terms of HCC-prevention in
patients with hepatitis C-related liver disease who did not
respond to conventional anti-viral therapies [46]. Nonetheless,
other information pinpoints interleukin-6 (IL-6) signaling as an
appealing target for HCC-prevention. IL-6, a multifunctional cyto-
kine with different functions in the immune system, justiﬁes gen-
der disparities in HCC incidence (i.e. much higher incidence rate in
males than females [47]). Estrogens suppress IL-6 production and
therefore limit chemically induced liver carcinogenesis.
Enrichment in IL-6 downstream signals has also been found in
a gene signature associated with poor survival and de novo tumor
formation in patients with HCC treated with surgical resection
[8]. Additionally, a recent report identiﬁed IL-6 signaling through
STAT3 as a major pathway in maintaining stem cell like features
in HCC [48], highlighting the potential role of this cascade as a
novel target in cancer stem cell renewal. Currently, different
anti-IL-6 humanized monoclonal antibodies are under evaluation
in inﬂammatory conditions, but their role in HCC is yet to be
determined. There is some degree of crosstalk between IL-6 and
TGFB signaling, a pleiotropic pathway with potentially antagonis-
tic actions. Comparative functional genomics have allowed the
identiﬁcation of a subgroup of HCC patients with a signiﬁcant
enrichment in late responsive TGFB genes. Thus patients express-
ing these genes also had more invasive tumors and poor survival
[49]. All these data have encouraged efforts aiming to modulate
TFGB signaling, in part due to its clear involvement in metastasis.
Downstream of IL-6, signals can be transduced through the JAK/
STAT signaling cascade. Nuclear localization of STAT3 results in
trans-activation of its target genes (e.g. protein inhibitors of acti-
vated STATS [PIAS], the SH2-containing phosphatases [SHP], and
the suppressors of cytokine signaling [SOCS]), implicated in cell
growth, proliferation, differentiation and survival. Constitutive
activation of JAK/STAT has been detected in a subset of HCC,
mostly due to promoter methylation of STAT inhibitors such as
CIS, SOCS-1, SOCS-2, SOCS-3, and SHP1 [30]. Additionally, treat-
ment with de-methylating agents resulted in growth suppression
and strongly induced apoptosis in HCC cell lines [30].
There is strong evidence suggesting a linking role of the NF-
Kappab cascade in inﬂammation and liver oncogenesis [50].
Recent progress regarding drug-mediated inhibition of this path-
way provides new perspectives for primary prevention strategies
in cirrhotic patients. AEG1 has been identiﬁed as a downstream
molecule in this pathway, and could also act as a novel molecular
target in this setting [51]. Additionally, aberrant activation of the
lymphotoxin pathway in mice livers recapitulates the stages of
ﬁbrosis and inﬂammation that precedes human liver cancer, pro-
viding a novel family of potential therapeutic targets [52,53].
Pathways involved in neoangiogenesis
High vascularization is a hallmark of human HCC. Tumor cells
release pro-angiogenic factors in response to hypoxic conditions
and nutrient deprivation and thus activate endothelial cells. Mul-
tiple preclinical studies have revealed vascular endothelial924 Journal of Hepatology 201growth factor (VEGF), and ﬁbroblast growth factors (FGFs) as
major drivers underlying pro-angiogenic signals in human HCC.
VEGF is considered the most potent angiogenic factor in HCC,
and it is often found over-expressed in tumor specimens, as well
as its receptors VEGFR-1 and VEGFR-2. Moreover, high VEGF
expression levels have been consistently associated with a more
aggressive disease [54], and VEGF serum levels have also been
identiﬁed as a predictor of poor prognosis after resection [55].
The FGF receptor family includes 4 transmembrane receptors
(FGF1-4) and 1 soluble receptor (FGF5) and at least 23 known
ligands. There is evidence that links FGF signaling dysregulation
and malignant transformation of several cancers. In HCC, clinical
studies have shown over-expression of FGFs in human samples
and correlation with tumor angiogenesis [56]. Several studies
have reported crosstalk between FGF and VEGF signaling, indicat-
ing a possible synergistic effect of both cascades promoting angi-
ogenesis [57]. Besides these pathways, angiopoetins (Ang) have
also been involved in normal and aberrant vascular formation
through its interaction with the receptor Tie-2. Despite recent
controversial data, Ang-2 has been described as a promoter of
tumor angiogenesis in HCC, particularly in the presence of VEGF
[58]. Finally, experimental models have suggested a role for
another pro-angiogenic cascade, platelet derived growth factor
(PDGF) signaling, in HCC development [59]. Indeed, PDGF recep-
tor C transgenic mice developed ﬁbrosis and HCC with long
latency [60]. Results of the recently published phase III clinical
trial with sorafenib (i.e. B-Raf, VEGFR and PDGFR inhibitor) fur-
ther suggest an important role of anti-angiogenic agents in the
therapeutic management of HCC [4].
The P53 tumor suppressor
The P53 tumor suppressor has been found mutated in more than
50% of all human tumors. Owing to its role in preserving genetic
stability, P53 was designated as the guardian of the genome.
Upon DNA damage inducing cellular stresses, P53 becomes acti-
vated and prevents further damage and oncogenic transforma-
tion by either triggering apoptosis or by inducing a transient
cell cycle arrest to allow DNA repair [61]. The p53 protein is a
tetrameric transcription factor, and, in addition to its roles in
apoptosis- and cell cycle regulation, P53 was shown to impact
cellular differentiation, developmental processes and senes-
cence. Over the past couple of years it was shown that P53 plays
a major role in hepatocarcinogenesis. Strikingly, there is a high
variability in the frequency of P53 mutations and its mutational
spectrum in different geographical areas. In areas with high
Aﬂatoxin B1 food contamination (sub-Saharan Africa and China)
there is a high percentage of HCCs revealing a recurrent point
mutation at the third position of codon 249 resulting in a G:C
to T:A transversion [62]. Interestingly, it was shown that the
249Ser mutation is an early event in AFB1-induced hepatocarci-
nogenesis, with a high frequency of 249Ser mutations already
being found in non-tumoral regions of livers with chronic
AFB1 exposure [62]. In strong contrast, P53 mutations are
believed to represent a late, progression-associated event in
hepatocarcinogenesis in non-AFB1 related HCCs. For example,
different P53 mutations have been found in nodules in HCCs
leading to disease progression, and overall P53 mutations are
preferentially found in less differentiated HCCs. One major risk
factor for the development of hepatocellular carcinoma is
chronic infection with hepatotropic viruses like hepatitis B and0 vol. 52 j 921–929
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C. Different viral proteins have been shown to impact hepatocar-
cinogenesis in experimental systems. In the past couple of years,
a lot of attention was paid to the hepatitis B virus X protein
(HBx), one of the most frequently integrated viral genes in the
host genome [63,64]. Besides many other functions, HBx was
shown to bind P53 and to block P53 sequence speciﬁc
DNA-binding and P53 dependent transcription, being ultimately
capable of blocking P53-mediated apoptosis.Cancer genome screening and validation strategies
Current efforts in cancer gene discovery mostly rely on genomic
approaches alone. Recent advances in genome scanning technol-
ogies have enabled to examine cancer genomes at a high-resolu-
tion, thus making it feasible to catalogue every gene whose
mutation occurs in human cancer [65]. Regions of copy number
alteration can be identiﬁed by high-resolution array-based com-
parative genomic hybridization (CGH) or SNP arrays. Regions of
chromosomal ampliﬁcation mostly harbor oncogenes whereas
deleted regions contain tumor suppressor genes [66]. In addition,
high-throughput sequencing technologies are available for detec-
tion of somatic point mutations selected during tumor evolution
[67,68]. However, such approaches are expensive and yield can-
didates based on statistical criteria only. The situation is even
more complicated because due to genomic instability, gene link-
age and spontaneous mutagenesis, cancers also contain many
passenger mutations that are not contributing to the tumor phe-
notype. Moreover, it is difﬁcult to pinpoint relevant tumor sup-
pressors in large deletions, as some genes are haploid sufﬁcient
tumor suppressors, so that loss of even one allele can promote
tumorigenesis, even without a corresponding mutation in the
remaining wild-type allele. In conclusion, candidate genes identi-
ﬁed through genomic approaches require stringent functional
validation before expensive drug development efforts can be jus-
tiﬁed. In this regard, functional characterization of cancer genes is
often a tedious process, and it is not always obvious which assays
will reveal the putative oncogenic activity of a previously unchar-
acterized gene. Furthermore, although cell culture systems are
fast and tractable, they do not recapitulate important factors like
the tumor microenvironment, and consequently, they do not
allow surveying all relevant gene activities.
For proving new candidate cancer genes it has become gold
standard to generate transgenic and knockout mice, and to study
the respective genes in a relevant context in vivo [69]. Impor-
tantly, as such genetically engineered mouse models (GEMM)
allow to generate a detailed map of the route taken by the tumor
cell to reach its destination, cancer mouse models are suitable for
modeling intermediate stages of tumor formation, which is
essential for a complete understanding of the disease and for
the development of new treatment strategies. This is in strong
contrast to the traditional studies of human cancers, which only
provide a snapshot of the ﬁnal result. GEMM also play an impor-
tant role in preclinical drug testing, as it is becoming more evi-
dent that subcutaneously grown tumors in immunodeﬁcient
mice, which were derived from cultured tumor cell lines, may
not predict the treatment responses of human tumors, and may
hence contribute to the high numbers of ineffective compounds
entering clinical trials [70].
Over the last years, GEMM have provided elegant and power-
ful approaches to validate potential oncogene and tumor sup-Journal of Hepatology 201pressor genes in HCC (Table 1A) [12,60,71–90]. Currently,
mouse models of liver cancer are based mainly on classic trans-
genic approaches, tetracycline-regulated transgene expression
or chemically induced carcinogenesis (thoroughly reviewed else-
where [91]). These models have provided important insights into
the molecular mechanisms of hepatocarcinogenesis, although,
they have several limitations. First, the use of tissue-speciﬁc pro-
moters generates a bias towards certain epithelial cells and may
thus alter the cell of origin. Furthermore, the homogeneous
expression of an oncogene (or deletion of a tumor suppressor
gene) in all cells within a tissue creates a ﬁeld effect such that
all cells have altered gene expression, a situation that clearly does
not mimic the situation of spontaneous tumorigenesis in
humans. Secondly, it is very cost and time-intensive to generate
germ-line transgenic and knockout animals, and production of
compound mutant animals can involve complicated intercrossing
strategies that are extremely slow. Thirdly, germ-line transmis-
sion of transgenes or targeted knock-out alleles in some cases
produce prenatal abnormalities resulting in embryonic lethality
or developmental compensation in the resulting tissue.
A strategy that addresses some of the problems with germ-
line transgenic mice is the use of so called chimeric mouse
models, which are based on the genetic manipulation and
retransplantation of stem or progenitor cells. Such models were
initially developed for studying hematopoietic malignancies and
have proven very successful to get new insights into mechanisms
of tumor initiation, progression and treatment response in blood
cancer [92–95]. More recently such models were also developed
for the study of HCC [73,96]; these mosaic HCC mouse models are
based on the ex-vivo manipulation of liver progenitor cells fol-
lowed by the seeding of these cells into normal recipients. They
allow studying compound genetic lesions in HCC at a fraction
of the time that would be needed when using standard transgenic
or knockout approaches.
Integrative oncogenomic approaches for accelerated cancer
gene discovery in HCC
To speed up the process of cancer gene discovery in HCC, recent
studies took advantage of integrative approaches, where onco-
genomic analyses of human HCC were coupled with screening
approaches in innovative mosaic cancer mouse models. The most
relevant validated examples are summarized in Table 1B
[9,51,72,73,97]. For example, high-resolution array-CGH proﬁling
of progenitor cell derived murine HCCs of the genotype c-MYC;
P53/, revealed that these tumors spontaneously acquire geno-
mic ampliﬁcation of the 9qA1 chromosomal region, which is syn-
tenic to the human 11q22 region. Interestingly, this region has
been found ampliﬁed in different human tumors. Delineation of
the minimal region of overlap between human and mouse HCCs
and subsequent analyses of expression levels for all genes
embedded in the overlapping region, pinpointed cIAP1 and YAP
as potential driver genes of the 11q22 amplicon in human HCC.
Interestingly, when both genes were functionally tested in the
mouse model, they did not only accelerate hepatocarcinogenesis
individually, but also showed a strong collaboration to accelerate
the development of liver tumors. Therefore, these genes were val-
idated as new oncogenes in HCC and were found to be co-driver
genes of the 11q22 amplicon [98]. Importantly, a subsequent
study reported the expression of the YAP oncogene as an inde-
pendent prognostic factor in human HCC [98].0 vol. 52 j 921–929 925
Table 1. Relevant oncogenes and tumor suppressor genes identiﬁed through (A) selective dysregulation in animal models, or through (B) functional oncogenomic
approaches.
Gene name Oncogene/Tumor suppressor gene Biological activity/Pathway Reference
A) Long established HCC cancer genes which have been functionally validated in vivo
MYC Oncogene Proliferation control [12,71–73]
EGF Oncogene EGFR signaling (mitogenic signaling) [78]
TGFA Oncogene EGFR signaling (mitogenic signaling) [12,77]
CTNNB1 Oncogene Wnt-signaling [75,79]
APC Tumor suppressor gene Wnt-signaling [74,80]
PTEN Tumor suppressor gene PI3K/Akt/mTOR signaling [76,80]
AKT Oncogene PI3K/Akt/mTOR signaling [73]
HGF* Oncogene Growth factor [81,82]
MET Oncogene Growth factor receptor [83,84]
PDGFR Oncogene Growth factor receptor [60]
RAS (NRAS; HRAS) Oncogene Ras/MAPK signaling [71,73,75,85]
P53 Tumor suppressor gene Stress response, cell cycle inhibition [73,86]
E2F1 Oncogene Cell cycle [87]
CCND1 Oncogene Cell cycle [88,89]
Telomerase Oncogene Cell senescence [90]
B) HCC cancer genes recently identiﬁed and validated through integrative functional genomics
YAP Oncogene Hippo signaling pathway [73,97]
cIAP1 (BIRC2) Oncogene Regulation of cell death [73]
XPO4 Tumor suppressor gene Nuclear transport [80]
SET* Tumor suppressor gene/oncogene Histone chaperone [80]
NRSN2 Tumor suppressor gene Largely unknown [80]
GJD4 (CX40.1) Tumor suppressor gene Gap junction protein [80]
DDX20 Tumor suppressor gene RNA helicase [80]
FGF6 Tumor suppressor gene Fibroblast growth factor family [80]
FSTL5 Tumor suppressor gene Follistatin like protein [80]
ZBBX (FLJ23049) Tumor suppressor gene Largely unknown [80]
GLO1 Tumor suppressor gene Metabolism [80]
BTBD9 Tumor suppressor gene Largely unknown [80]
EIF5A2 Oncogene Translation control, mRNA-stability [80]
UBE2H** Oncogene Ubiquitylation [9]
EGFR Oncogene EGFR signaling (mitogenic signaling) [9]
AEG1 Oncogene WNT and NF-Kb signaling [51]
VEGF Oncogene Angiogenesis [6]
* Dual role, context-dependent activity has been suggested.
** Only in vitro validation.
ReviewThe discovery of RNA-interference has revolutionized ‘‘loss of
function genetics”. RNAi-based delivery strategies have shown
antitumoral activity in animal models of HCC [99], and dysregu-
lation of miRNA have also proved high prognostic predictive
value in this disease [100]. It was recently shown that stable RNAi
can be efﬁciently used in mosaic cancer mouse models
[73,80,101]. For example, the use of stable RNAi in murine
hepatocarcinomas that bore the cIAP1 and YAP embedding
9qA1 amplicon quickly allowed the validation of these genes as
promising therapeutic targets in HCC [73]. As microRNA- based
shRNAs can be driven by polymerase II promoters, available sys-
tems for tetracycline regulated gene expression can be combined
with this technology. This allows to reversibly regulate gene
expression in vivo. The use of reversible RNAi against the P53
tumor suppressor has recently enabled the identiﬁcation of P53
loss as a major requirement for the maintenance of murine liver
carcinomas [89]. Similar RNAi-based approaches were recently
used to functionally validate DLC-1 as a bona ﬁde tumor suppres-
sor included in 8p, a chromosomal region that is found deleted in
up to 50% of human HCC [102].
Importantly, RNAi technology cannot only be used on a single
gene level, but genome wide collections of siRNAs, shRNAs and
shRNAmir are available and have been successfully used for the
identiﬁcation of unbiased and comprehensive collections of
new gene targets in different biological systems [80]. Impor-
tantly, the feasibility of performing multiplex RNAi screens
in vivo was recently demonstrated [80]. In this study, an oncoge-926 Journal of Hepatology 201nomics-based shRNAmir library was generated by compiling
shRNAs against all genes that were found embedded in focal
deletions [<5 MB] of 98 human HCCs. A total of 362 candidate
tumor suppressor genes were found and corresponding mouse
orthologs for 301 of them were identiﬁed. More than 630
microRNAs against these genes were available in the Codex
shRNAmir library [http://codex.cshl.edu/scripts/newmain.pl]
and these hairpins were screened in the above described mosaic
liver cancer mouse model for their ability to accelerate tumorige-
nicity of immortalized liver progenitor cells of the background
MYC; P53/. This integrated approach proved highly effective,
resulting in the identiﬁcation and functional validation of 13
new tumor suppressor genes.
The top-scoring candidate tumor suppressor from the screen,
exportin 4, mediates the nuclear export of SMAD3, EIF5A1, and
EIF5A2. XPO4 loss seems to be pro-tumorigenic by promoting
the nuclear accumulation of its key substrates. Interestingly,
XPO4 deletions are relatively common, thus suggesting that this
may be an important mechanism of oncogenesis. It was observed
that suppression of XPO4 stimulates TGF-b signaling [80], which
can promote invasion and metastasis in late stage liver cancer.
Similarly, EIF5A2 over-expression occurs in many tumor types
[103] and it could be demonstrated that XPO4 loss enhances pro-
liferation through EIF5A2, which is per se oncogenic in mice [80].
Importantly, the XPO4-EIF5A2 signaling circuit appears relevant
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ig. 2. Integrative oncogenomic strategies for accelerated cancer gene
iscovery in hepatocellular carcinoma. Schematic representation of functional
ncogenomics based strategies for the discovery of candidate genes involved in
CC pathogenesis.
JOURNAL OF HEPATOLOGY
It is noteworthy that most of the identiﬁed genes have never
been linked to cancer before. Examples for identiﬁed genes are an
FGF (FGF6), an RNA helicase (DDX20/GEMIN3), a metabolic
enzyme (GLO1), and GJD4 (CX40.1), a gap junction protein. Func-
tional validation assays show that apparently all these genes act
as tumor suppressors in vivo. Some of the genes, for example
FSTL5, NRSN2 (C20ORF98), and ZBBX (FLJ23049), are largely
uncharacterized, however, based on the functional data obtained
from the mouse model and on the notion that all of them were
found somatically altered in human cancer, these genes very
likely represent important tumor suppressor genes in HCC. It is
obvious that more work will be required to understand how each
of these genes suppresses tumorigenesis, and, given the unex-
pected nature of each gene, such studies may uncover new path-
ways or principles relevant to human HCC. Some of the identiﬁed
genes point towards new strategies for cancer therapy. For exam-
ple, FGF6 and FSTL5 encode secreted proteins whose systemic
administration might restore tumor suppressor function and
serve as new biological anti-cancer therapies.
The described results establish the feasibility of performing
functional in vivo RNAi screens and illustrate how combining can-
cer genomics, RNAi and mosaic mouse models can facilitate the
functional annotation of the cancer genome (Fig. 2). Such integra-
tive approaches may complement existing large-scale approaches
like the human cancer genome project. Another appealing exam-
ple for in vivo screening approach to identify new cancer genes in
HCC was recently demonstrated by Keng et al. [9]. In their study
the authors used a liver directed insertional mutagenesis screen,
which was accomplished by hepatocyte-speciﬁc expression of a
mutagenic transposon to screen for new cancer genes in HCC.
This screen was performed either in a wild type or in a sensitized
background with a mutant p53 allele. In both backgrounds, pre-
neoplastic nodules could be detected starting 160 days after
liver-speciﬁc activation of the mutagenic transposon. The vast
majority of animals only contained pre-neoplastic nodules or
hepatic adenomas, but in some animals [>440 days of age] also
full-blown liver carcinomas were found. Using pyrosequencing,
the authors identiﬁed common insertion sites in the genomic
DNA from enucleated pre-neoplastic foci. A total of 19 common
insertion sites were identiﬁed and two affected genes were cho-
sen for functional validation, UBE2H and a truncated EGFR. While
deﬁnite experimental evidence that these genes cause HCC is still
missing, the authors were able to show that over-expression of
the candidate oncogene UBE2H accelerates proliferation of mur-
ine hepatoma cell line in vitro. The truncated EGFR was function-
ally tested resulting in the development of pre-neoplastic lesions
in re-populated mouse livers. While the long latency until tumor
development and the low penetrance to full blown HCC certainly
represent limitations of the model, it is yet noteworthy that some
of the 19 candidate HCC cancer genes could be found altered in
recently published datasets of human HCC. Therefore, it will be
of high interest to subject these candidate genes to thorough
functional validation in different HCC mouse models to ulti-
mately probe their contribution to the development of HCC.
With the advent of novel high-throughput technologies, such
as deep sequencing and integrative genomic analysis, and the con-
solidation of sophisticated animal models, such as mosaic cancer
mouse models or the use of transposons for mutagenic screening,
we are at the dawn of a new era in cancer gene discovery. These
technologies are identifying novel oncogenes and tumor suppres-
sor genes, which along with the already known drivers obtainedJournal of Hepatology 201F
d
o
Hfrom classical GEMM (Table 1) will provide amore comprehensive
picture of the key molecular alterations of liver cancer.Conﬂicts of interest
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